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(Ser) are also differentially expressed in the dorsal and
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†Department of Ophthalmology ventral domains, respectively, and their expression pat-
terns depend on the ventral-specific expression of Fng‡Program of Developmental Biology
Baylor College of Medicine (Cho and Choi, 1998; Dominguez and de Celis, 1998;
Papayannopoulos et al., 1998). Fng is a glycosyltransfer-One Baylor Plaza
Houston, Texas 77030 ase (Yuan et al., 1997; Bru¨ckner et al., 2000; Moloney
et al., 2000) that controls the interaction of Notch (N)
with Dl and Ser to restrict N activation at the DV midline
(Kim et al., 1995; Panin et al., 1997; Ju et al., 2000). NSummary
activation at the DV midline is essential for both retinal
differentiation and growth of the eye disc (Cho and Choi,The Drosophila eye disc is a sac of single layer epithe-
lium with two opposing sides, the peripodial membrane 1998; Dominguez and de Celis, 1998; Papayannopoulos
et al., 1998). It is unknown how the genes involved in(PM) and the disc proper (DP). Retinal morphogenesis
is organized by Notch signaling at the dorsoventral domain specification are regulated in the early stage of
eye disc patterning. Based on the role of Hh, Wg, and(DV) boundary in the DP. Functions of the PM in coordi-
nating growth and patterning of the DP are unknown. Dpp in limb disc patterning and growth, patterning in the
early eye disc is likely to be organized by the activities ofWe show that the secreted proteins, Hedgehog, Wing-
less, and Decapentaplegic, are expressed in the PM, these secreted signaling proteins.
The imaginal discs are formed as a single layer ofyet they control DP expression of Notch ligands, Delta
and Serrate. Peripodial clones expressing Hedgehog epithelium which invaginates from the embryonic ecto-
derm (reviewed by Cohen, 1993). This sac-like structureinduce Serrate in the DP while loss of peripodial
Hedgehog disrupts disc growth. Furthermore, PM is composed of two opposing layers which enclose the
disc lumen: the PM and the DP. Since morphogenesis incells extend cellular processes to the DP. Therefore,
peripodial signaling is critical for eye pattern formation early animal development involves a variety of inductive
signaling between germ layers or primordial tissuesand may be mediated by peripodial processes.
(Jacobson and Sater, 1988; Furuta and Hogan, 1998;
Obara-Ishihara et al., 1999), the two-layered structureIntroduction
of discs raises the possibility that there might be com-
munications between the layers for concerted growthSecreted morphogens play vital roles in axial patterning
of developing animals. In Drosophila limbs, three se- and patterning of the disc. The PM is important for the
metamorphosis of the discs into adult forms (Milner etcreted proteins, Hedgehog (Hh), Wingless (Wg, Wnt fam-
ily protein), and Decapentaplegic (Dpp, TGF-b family al., 1983, 1984; Fristrom and Fristrom, 1993; Agnes et
al., 1999). Interestingly, proteins important for patternprotein), interact at compartment boundaries to orga-
nize growth and patterning of the imaginal discs (re- formation such as Patched and Ultrabithorax have been
detected in the PM of various discs (Brower, 1987; Paninviewed by Cohen, 1993; Dahmann and Basler, 1999).
The DV midline in the eye primordium also functions as et al., 1997). Moreover, PM cells provide Hh for transient
fusion between the PM and the DP during regenerationa compartment boundary and an organizer for retinal
morphogenesis (Cho and Choi, 1998; Dominguez and of discs (Gibson and Schubiger, 1999). These studies
suggest that the PM and DP may have long-range inter-de Celis, 1998; Papayannopoulos et al., 1998). Wg is
involved in defining the DV boundary by controlling dor- actions across the lumen, perhaps mediated by se-
creted signaling molecules.sal-specific gene expression (Heberlein et al., 1998),
suggesting that secreted signaling proteins are impor- In the eye disc, the DP differentiates into the retina
tant for axis formation in the eye. However, little is under- while PM gives rise to head structures (Bryant, 1975;
stood in regard to how secreted signaling proteins act Milner et al., 1983, 1984; Haynie and Bryant, 1986). In
in establishing the DV pattern in the early eye disc. order to determine whether Hh, Wg, and Dpp are impor-
Photoreceptor clusters in the dorsal and ventral tant in patterning the early eye disc, we examined the
halves of the eye show opposite orientations, producing spatial pattern and function of these proteins at the
mirror images about the DV midline or equator (Ready initial stages of larval development. Interestingly, we
et al., 1976; Reifegerste and Moses, 1999). Several found that cells expressing these molecules are local-
genes play key roles in DV patterning in the eye. In ized mainly in the PM and are important for eye disc
early eye discs, Fringe (Fng) and the Iroquois family patterning. We show that signaling molecules from the
homeodomain proteins are expressed in ventral and PM cells are critical for spatial expression of Dl and Ser
dorsal domains, respectively (McNeil et al., 1997; Cho in the DP, and that PM cells extend cellular processes
and Choi, 1998; Dominguez and de Celis, 1998; Kehl et to the DP. We propose a novel mechanism of long-range
signaling in which the PM supplies inductive signals to
the DP through cellular processes for disc patterning§ To whom correspondence should be addressed (e-mail: kcho@
bcm.tmc.edu [K.-O. C.] or kchoi@bcm.tmc.edu [K.-W. C.]). events.
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Figure 1. Pattern of hh-, wg-, and dpp-LacZ1 Cells in Eye-Antenna Discs during the L1 Stage
(A–C) Schematic structure of early eye disc. (A) Dorsal view. The brain and part of ventral ganglion are shown with dotted lines. Interantennal
connective joins the two eye-antenna discs medially (Milner et al., 1983; Haynie and Bryant, 1986). (B) Vertical cross section. Margin cells are
located between the PM and the DP. In the disc lumen, apical surfaces of the PM and DP cells face each other. (C) Subdomains of the disc.
A, anterior; P, posterior. The dorsal and ventral domains are colored red and blue, respectively.
(D–R) Expression of hh-, wg-, and dpp-LacZ markers during L1 stage, visualized with DAB. Expression patterns during the early L2 stage (H,
M, and R) are included for comparison of disc size. Pictures were taken at the level of the PM at the same magnification. Developmental
stages are shown as hours after egg laying (AEL) at 258C. Posterior is left and dorsal is up in all panels.
(D–H) hh-LacZ expression. In newly hatched larvae, hh-LacZ1 cells are in the ventral (arrow), the posterior margin (arrowhead), and the dorsal
domain (asterisk) (D). In the subsequent stage, most PM cells express hh-LacZ (E). A new pattern of hh-LacZ1 cells appears in the anterior
dorsal (arrowhead) and the ventral domain (arrow) (F). More ventral hh-LacZ1 cells appeared (bracket in [G]). Dashed lines in (F) and (G) are
approximate DV midline based on the position of optic stalk at the posterior edge of the disc.
(I–M) wg-LacZ expression. One dorsal cell (arrow) and the anterior dorsal margin cells (arrowhead) express wg-LacZ (I), and proliferate further
(J). Portion of the dorsal pouch contacting the ventral margin is indicated (asterisk in [J]). All dorsal margin and midline cells express wg-
LacZ (K). Posterior dorsal cells lose wg-LacZ expression (bracket in [L]).
(N to R) dpp-LacZ expression. One ventral margin cell (arrow) and cells in the interantennal connective (arrowhead) express dpp-LacZ (N).
The dpp-LacZ1 ventral margin cells (arrow) have a direct contact with the dorsal pouch (asterisk) (O). Ventral margin (arrow) and midline cells
(arrowhead) express dpp-LacZ (P). Dorsal (arrowhead) and posterior (arrow) cells start to express dpp-LacZ (Q) as the ventral dpp-LacZ
expression decreases. Scale bar, 25 mm.
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Results of wg-LacZ expression in the posterior dorsal domain
(bracket in Figure 1L), suggesting an antagonistic rela-
tionship between Wg and Dpp.Hh-, Wg-, and Dpp-Expressing Cells Prepattern
Two key findings from the expression study of theEarly Eye Discs
L1 disc are: (i) hh-, wg-, and dpp-LacZ markers areTo study the role of Hh, Wg, and Dpp in patterning the
predominantly expressed in PM and margin cells andearly eye disc, we investigated the distribution of cells
(ii) wg- and dpp-LacZ1 cells are confined to the dorsalexpressing these proteins in the first and second instar
and ventral domain of the disc, respectively, during mostdiscs. We monitored expression of Hh, Wg, and Dpp
of the L1 stage (Figures 1I–1K and 1N–1P). These find-using lacZ reporters (Experimental Procedures) so that
ings suggest that DV boundary formation in the PM bythe cells producing the corresponding signal would be
these wg- and dpp-LacZ1 cells may be linked to the DVmarked by intracellular LacZ protein.
patterning of the DP.The eye-antenna disc is connected to the dorsal
pouch, and its anterior dorsal side is continuous with
Second Instar (L2, AEL 48–72 hr): Shift of hh-LacZ1the interantennal connective (Figure 1A). The distinct
Cells from Ventral to Dorsal Domainmorphology of the dorsal pouch allowed us to distin-
hh-LacZ1 cells were found in the ventral domain atguish the dorsal/ventral and apical/basal side of the
the early L2 stage, then in the dorsal domain at laterconnected eye disc (data not shown). The PM lies on
stages (Figures 2A–2D). At the end of the L2 stage,top of the DP in which the retina develops during the
hh-LacZ1 cells were present mainly in the posterior mar-third instar stage (Figure 1B). Based on the expression
gin and the dorsal PM including the midline (Figure 2D).pattern of hh-, wg-, and dpp-LacZ markers and the prop-
Throughout the L2 stage, wg-LacZ1 cells were predomi-erties of various regions, we divided the disc into four
nantly present in the anterior rather than the posteriorsubdomains: anterior ventral, posterior ventral, anterior
dorsal domain. Several new groups of wg-LacZ1 cellsdorsal, and posterior dorsal (Figure 1C). Dynamic ex-
were observed in L2 stage. In early L2 stage, large cellspression patterns of these signaling molecules will be
with strong wg-LacZ expression were positioned alongdescribed below for each instar. Unless specified, “disc”
the DV midline (arrow in Figure 2F) and to the anteriorrefers to the eye-antenna disc.
dorsal domain (arrowhead in Figure 2F). In later L2 stage,
at least two new groups of wg-LacZ1 cells appeared:First Instar (L1, AEL (After Egg Laying) 21–48 hr):
one in the posterior dorsal domain (arrowhead in FigureDV Division by wg- and dpp-LacZ1 Cells
2H) and the other in the anterior dorsal domain (arrowIn discs from newly hatched larvae, hh-LacZ1 cells were
in Figure 2H). In contrast to the dorsal wg-LacZ1 cells,localized mostly in ventral, but also in posterior and
dpp-LacZ1 cells were present in the ventral and theanterior dorsal domains (Figure 1D). Shortly after, more
posterior dorsal domains where wg-LacZ1 expressionhh-LacZ1 cells were observed, especially in anterior
was minimal (Figures 2K–2N). Spatial relationship be-dorsal domain (Figure 1E). At the mid-L1 stage, previous
tween wg-LacZ1 cells and dpp-LacZ1 cells was con-
pattern disappeared and new hh-LacZ1 cells appeared
firmed by double fluorescent labeling using wg-lacZ and
in the anterior domain (Figure 1F). More hh-LacZ1 cells
dpp-Gal4/UAS-GFP reporters (data not shown).
appeared in the ventral domain in the late L1 stage
(Figure 1G). Early Third Instar (early L3, AEL 72–80 hr):
Unlike the dynamic expression of hh-LacZ1 cells, wg- hh-LacZ1 Cells at Posterior Margin
LacZ1 cells were localized only in the dorsal domain In the L3 disc, hh-, wg-, and dpp-LacZ1 cells continued
throughout the L1 stage. Discs from newly hatched lar- to be present in the PM and margin cells (Figures 2E,
vae had two spatially distinct groups of wg-LacZ1 cells: 2J, and 2O). At this stage, hh-LacZ1 cells are present
a dorsal cell and a line of cells continuous from the in the dorsal and midline PM (Figure 2E). The posterior
dorsal pouch (arrow and arrowhead in Figure 1I). The margin showed enhanced expression of hh-LacZ (ar-
wg-LacZ1 cells from the dorsal pouch grew toward rowhead in Figure 2E; Dominguez and Hafen, 1997;
the eye disc and occupied the dorsal margin (arrow- Royet and Finkelstein, 1997). At the posterior margin,
heads in Figure 1J). In the mid-L1 stage, wg-LacZ1 cells wg-LacZ was transiently expressed while dpp-LacZ ex-
occupied most of the dorsal domain (Figure 1K). Subse- pression was minimal (black arrowheads in Figures 2J
quently, a portion of the posterior dorsal domain lost and 2O). In addition, wg-LacZ expression was seen in
wg-LacZ expression (bracket in Figure 1L). the anterior ventral domain (red arrowhead in Figure 2J).
In contrast to dorsal wg-LacZ1 cells, dpp-LacZ1 cells Both hh- and wg-LacZ were expressed in the vertex
were restricted to the ventral domain during most of the primordium, consistent with previous reports (Figures
L1 stage. No dpp-LacZ1 cells were found in the disc of 2E and 2J; Dominguez and Hafen, 1997; Royet and Fin-
newly hatched larvae, but soon afterwards a single dpp- kelstein, 1997). In contrast, dpp-LacZ expression was
LacZ1 cell appeared in the ventral margin (Figure 1N). not present in the vertex primordium or DV midline (Fig-
A few other dpp-LacZ1 cells were then seen in either ures 2M–2O). After the characteristic early L3 pattern is
the ventral margin or near the DV midline (Figures 1O formed, the morphogenetic furrow initiates at the poste-
and 3H). Within several hours, dpp-LacZ1 cells occupied rior margin.
most of the ventral domain (Figure 1P). However, these
ventral cells abruptly lost dpp-LacZ expression while a PM and Margin Cells Are Major Sites of hh-,
new group of dpp-LacZ1 cells appeared in the posterior wg-, and dpp-LacZ Expression
dorsal domain at the late L1 stage (Figure 1Q). Tempo- LacZ patterns in the PM or the DP were distinguished
by adjusting the focal plane or by optical sectioning forrally and spatially, this event paralleled the sudden loss
Cell
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Figure 2. Pattern of hh-, wg-, and dpp-LacZ1 Cells in Eye-Antenna Discs during L2 and Early L3 Stages
All pictures were taken at the level of the PM except (D), which was focused at the DP.
(A–E) hh-LacZ expression. hh-LacZ1 cells are present in the ventral (A), midline (B), and the dorsal (C) domains. Posterior margin (arrowhead)
and midline DP (bracket) cells express hh-LacZ (D). Dorsal PM cells are out of focus (arrow in [D]). In the early L3 disc, posterior margin
(arrowhead), vertex primordium (arrow), and dorsal PM cells express hh-LacZ (E).
(F–J) wg-LacZ expression. Early L2 wg-LacZ1 cells appear in the midline (arrow) and the anterior dorsal domain (arrowhead) (F). wg-LacZ
level is relatively low in the posterior dorsal domain (brackets in [F] and [G]). At least two new groups of wg-LacZ1 cells appear in the anterior
dorsal (arrow) and posterior domain (arrowhead) (H). wg-LacZ is now absent from the posterior dorsal domain (arrowhead) and is concentrated
in the anterior dorsal domain (arrow) (I). wg-LacZ1 cells are found at the posterior margin (arrowhead) briefly and anterior dorsal domain
including the vertex primordium (arrow) (J).
(K–O) dpp-LacZ expression. dpp-LacZ1 cells in the posterior dorsal (red arrow) and ventral margin (red arrowhead) are marked. Dpp-LacZ1
cells are excluded from the vertex primordium (black arrow in [O]). Dpp is weakly expressed in the posterior midline region of the DP (black
arrowheads in [M]–[O]). Scale bar, 25 mm.
unequivocal distinction of the two layers. In DAB-stained Wg protein was detected in all PM cells probably due
to secretion of Wg protein to neighboring cells in thisearly L1 discs, hh-LacZ was expressed in both PM and
DP layers (Figures 3A and 3B), but strongly expressed small disc (Figures 3K–3M). However, in the DP layer,
Wg protein was preferentially localized in the dorsalin the PM layer in later stages (Figures 1 and 2). Consis-
tent with this, hh-LacZ1 cells were detected in the ven- domain probably restricted by the lumen between the
dorsal and ventral sides (Figures 3N–3P). This patterntral PM layer of the early L2 disc (Figure 3C), but in
dorsal PM layer of the early L3 disc (Figures 3E and 3G). of Wg protein distribution is consistent with the localiza-
tion of wg-LacZ1 cells in the dorsal PM and margin.hh-LacZ expression in the DP was weak, if any, in both
stages (Figures 3D, 3F, and 3G). In second and third instar discs, PM cells were easily
distinguished from the DP cells by their large size andIn early first instar disc containing about 20 cells, dpp-
LacZ1 cells were located in the PM (Figure 3H) but not squamous shape (Figures 3C–3G and 3Q–3W). In early
L2 discs, dpp-LacZ was expressed in both the dorsalin the DP layer (Figure 3I). Cells at the dorsal and ventral
margins appear to fold downward and face each other and ventral margin cells (Figure 3R), although PM cells
and a few DP cells also express dpp-LacZ (Figures 3Q andat the DV midline underneath the PM layer, thereby form-
ing a lumenal space in the middle (Figure 3J). In contrast 3S). In early L3 discs, both dpp- and wg-LacZ were
predominantly expressed in the PM (Figures 3T and 3V).to dpp-LacZ1 cells, wg-LacZ1 cells were restricted to
the dorsal domain of the early L1 disc (Figures 1I–1K). DP cells adjacent to the margin cells exhibited dpp- and
Periopodial Signaling in Eye Disc Patterning
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Figure 3. PM Is a Major Site of hh-, wg-, and dpp-LacZ Expression
All images were obtained using confocal microscopy except (A) and (B) which were stained with DAB. Horizontal sections were taken at the
level of either the PM or the DP. Dlg was used as a cell boundary marker (green) (Woods and Bryant, 1991). Anti-b-gal antibody was used to
detect the LacZ markers. Dotted lines in (H), (I), and (N) indicate the disc boundary.
(A and B) Early L1 disc as shown in Figure 1E. hh-LacZ1 cells are present in both layers. Two cells with large nuclei are consistently seen
(arrows in [B]).
(C and D) Early L2 disc similar to that shown in Figure 2B. hh-LacZ1 cells in the ventral PM (arrowhead in [C]), anterior dorsal PM (arrow in
[C]), DP (white arrow in [D]), and the margin (blue arrow in [D]) are shown.
(E–G) Early L3 disc similar to that shown in Figure 2E. hh-LacZ is expressed in dorsal PM cells (arrow in [E]), margin cells (arrowheads in [F]),
and vertex primordium (arrow in [F]). Vertical cross section of an early L3 disc with hh-LacZ1 dorsal PM cells (arrow in [G]).
(H–J) Early L1 disc sectioned at the PM level (H, solid section line in [J]) and at the DP level (I, dashed section line in [J]). dpp-LacZ is expressed
in three PM cells and restricted to the ventral side. The arrow indicates the Bolwig’s nerve stained by anti-Dlg antibody and is an approximate
DV midline. The dorsal portion of the disc is out of focus. dpp-LacZ is not detected in the DP level (I). Note that the dorsal and ventral cells
in the DP level are not in contact at the midline at this stage (asterisk). (J) is a side view of an L1 disc as in (G).
(K–P) Wg protein expression in early L1 disc. (K)–(M) and (N)–(P) are sections at the level of PM and DP, respectively (see [J] for scheme). In
the DP, Wg is preferentially seen in the anterior dorsal domain (arrow in [O]). (K) and (N) are merged images of (L) and (M), and (O) and (P),
respectively.
(Q–S) Early L2 disc. aDP, apical DP; bDP, basal DP. dpp-LacZ is expressed in the PM (Q), margin (arrow and arrowhead in [R]) and DP (arrow
in [S]). Ser (green) is enriched in the ventral domain below the dashed midline in (R).
(T and U) Mid-L3 disc. dpp-LacZ1 dorsal PM (arrow in [T]), margin (between the two arrowheads in [U]), the DP (white arrows in [U]), and the
morphogenetic furrow (blue arrow in [U]) are indicated.
(V and W) Early L3 disc. wg-LacZ1 dorsal PM (arrow in [V]), margin (between the two arrowheads in [W]), and DP (arrows in [W]) cells are
marked.
wg-LacZ expression, respectively (Figures 3U and 3W). DV axis in L1 discs suggest that these signals might act
upstream of N. To test this idea, we either removed HhIn summary, PM and margin cells are important sources
of Hh, Dpp, and Wg throughout the larval stages. activity using a temperature-sensitive allele, ectopically
expressed Wg using hs-wg, or removed Dpp activity by
using a heteroallelic combination of the two dpp alleles,Hh, Wg, and Dpp Are Required for the DV Pattern
of Dl and Ser and then visualized the expression patterns of the N
ligands, Dl and Ser, in the eye discs.The N pathway is crucial for establishing DV boundary
in the eye disc (Cho and Choi, 1998; Dominguez and de In L2 wild-type discs, Dl is preferentially expressed in
the dorsal domain, while Ser is enriched along the DVCelis, 1998; Papayannopoulos et al., 1998). Restricted
localization of hh-, wg-, and dpp-LacZ1 cells along the midline of the DP (Figures 4A–4C). Both Dl and Ser were
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that Hh, Wg, and Dpp signaling from the PM may be
crucial for formation of DV axis in the DP. Such interepi-
thelial signaling may be mediated by the secretion of
signaling molecules across the disc lumen. Alternatively,
signaling molecules may be transported via cellular pro-
cesses across the lumen toward the apical surface of
DP cells. To examine if PM cells have such cellular pro-
cesses, we generated LacZ1 clones in the PM by the
flp-out method (Pignoni and Zipursky, 1997). Figure 5A
shows a LacZ1 clone near the DV midline in the PM.
High magnification of these cells revealed the presence
of various cellular processes (Figures 5B and 5C). In
other clones, numerous punctate LacZ1 stains emanat-
ing from the LacZ1 cells were observed, suggesting that
these cells may have thin processes containing vesicles
or secrete vesicles (Figure 5D). Those punctate LacZ1
stains were found only from the PM cells, but not from
DP cells (compare Figure 5D to Figure 5E).
Next, we examined whether the processes are also
present in PM cells of other discs. PM cells with both
short and long processes were observed in the wing
disc (Figures 5F–5I). Serial optical sectioning indicated
that these processes extend from the apical side of PM
toward apical DP. Some PM cells (arrowheads in Figures
5G and 5H) sent out a thin process over a long distance
Figure 4. Effects of hh-, dpp-, or hs-wg on the Expression of Dl and (about a width of 25 DP cells) down to the DP (yellow
Ser arrowhead in Figure 5I). Similar peripodial processes
All confocal images were taken at the DP level. Both Dl and Ser (A, were found in leg discs, suggesting that they are general
D, G, and J), Dl (B, E, H and K), and Ser (C, F, I, and L) expression properties of imaginal discs (data not shown). These
are shown. Genotypes are indicated at the upper right corner. See results are consistent with the results of Gibson and
Experimental Procedures for the treatment of hhts2 and hs-wg discs.
Schubiger (2000 [this issue of Cell]) that PM cells formAll discs are in the L2 stage.
extensions which cross the disc lumen and contact(A–C) Normal expression pattern of Dl and Ser. Dl is enriched in the
the DP.dorsal domain with a lower level of expression in the ventral domain
(B). Ser is expressed in the ventral domain that is enriched near the
DV midline (C). Hh Signaling from the PM Induces Ser Expression
(D–F) hhts2 disc. Dl is evenly distributed in the dorsal and ventral
in the DPdomain (arrow in [E]). Ser is expressed ubiquitously with strong
If signals from the PM control gene expression in theectopic expression near the dorsal margin (arrow in [F]).
underlying DP, ectopic clones expressing secreted pro-(G–I) hs-wg disc. The pattern of Dl is variable. It is either reduced
as in (H) or mislocalized to the ventral domain (not shown). Ser is teins in the PM should alter expression patterns of target
mislocalized to the dorsal domain (arrow in [I]). genes in the DP cells. We chose to use Ser expression
(J–L) dppe12/d14 disc. Dl is strongly reduced in all dorsal domain except as an assay for peripodial Hh signaling since there was
the area near the margin (K). Ser is mislocalized to the dorsal domain
strong temporal and spatial correlation between the ex-(arrow in [L]).
pressions of peripodial Hh and DP Ser. Hh is preferen-
tially expressed in the ventral domain in the early L2
(Figure 2A) but in the medial domain of the PM in thealso present in the PM at a low level (data not shown).
In hhts2 mutants shifted to restrictive temperature during mid-L2 stage (Figure 2B). The similar ventral to medial
transition was seen in Ser protein expression (Figuresthe early L1 stage, both Dl and Ser were uniformly ex-
pressed in dorsal and ventral domains (Figures 4E and 3R and 4C) and Ser-LacZ expression (data not shown)
in the DP. To see whether Ser expression in the DP can4F). Ubiquitous Wg overexpression caused variable de-
fects in Dl pattern such as significant reduction in the be induced by Hh signaling in the overlying PM, we
generated Hh1 clones marked with LacZ. We found that,dorsal domain except near the margin (Figure 4H) or
mislocalization to the ventral domain (data not shown). out of 16 PM clones examined, five were in dorsal, five
near DV midline, and six in marginal zones, but noneWg overexpression also caused mislocalization of Ser
to the dorsal DP (Figure 4I). dppe12/dppd14 mutant discs were in the ventral domain. Seventeen control PM clones
which expressed only LacZ but not Hh were equallyshowed similar disruption of the DV-specific Dl and Ser
pattern (Figures 4J–4L), indicating the necessity of Hh, distributed in the dorsal and ventral domains. In addi-
tion, 15 LacZ1 Hh1 clones generated in the DP wereWg, and Dpp in DV patterning.
also evenly distributed between the dorsal and ventral
domains. The location of the clones suggests that thePeripodial Cells Extend Processes
across the Disc Lumen dorsal and ventral PM cells are intrinsically different.
We have shown that Hh-expressing cells are presentBased on aforementioned observations, (i) Hh, Wg, and
Dpp are predominantly expressed in the PM in early in the dorsal and midline PM in the early L3 stage, but
Ser is enriched only in the midline including anteriordiscs, and (ii) these molecules are important for DV-
specific expression of Dl and Ser in the DP, we reasoned dorsal and ventral domains (Figures 2E and 6A; Cho and
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Figure 5. Cytoplasmic Processes of PM Cells
Discs containing LacZ1 PM clones were stained with anti-b-gal (red) and anti-Dlg (green) antibodies as indicated in Figure 5A.
(A–C) PM cells extend processes. Late L3 disc with a thin strip of LacZ1 PM clone (A). A few PM cells marked with a rectangle in (A) were
magnified in (B). Processes are marked with white arrows. Bolwig’s nerve is marked with yellow arrows. Image of the PM cells in (B) is shown
in a higher magnification and without Dlg staining (C) for better contrast of image. Long (large arrow) or short (small arrow) processes are
marked in (B) and (C). Bifurcation of the process is indicated (arrowhead in [C]).
(D and E) A LacZ1 clone spanning PM (arrow in [D]), margin (arrow in [E]), and DP (arrowheads in [E]) region. Insets in (D) and (E) show
magnified views of the LacZ1 area marked with white arrowheads, respectively. Many punctate stains are visible only near PM cells (inset in
[D]). Photoreceptor axons originated from the labeled photoreceptors are indicated (yellow arrow in [E]).
(F–I) Processes are also present in PM cells of wing discs. A late L3 wing disc with a big LacZ1 clone (F). Images in (G)–(I) are from serial
optical sections of PM cells marked with a square in (F). PM and DP layers are very close in this area; therefore, large squamous PM cells
and smaller DP cells can be seen in the same section. (G) and (H) are basal (closer to the external surface of the disc; bPM) and apical (closer
to the lumen; aPM) sections of the PM, respectively. The same processes are marked with yellow arrows. A long cytoplasmic process extended
from a PM cell (marked with arrowhead) is indicated with white arrows (H and I). (I) is an apical section of the DP (aDP) that shows mostly
small DP cells. The long process shown in (H) and (I) ends at DP cell(s) (yellow arrowhead). The end of a similar process is marked with
asterisks in (H) and (I) as a reference point.
Choi, 1998). Therefore, dorsal PM Hh1 clones express- Hh1 Clones in the Marginal Zone also Affect
Cells in the DPing additional Hh would be unlikely to alter Ser expres-
sion in the dorsal DP. Indeed, that was the case (brack- When Hh1 clones were made in the posterior margin of
either the dorsal or ventral domain (six clones), the levelets in Figures 6C and 6D). However, Hh1 PM cells near
the midline enhanced Ser expression in the underlying of Ser in the nearby DP was also increased (arrow in
Figure 6G). In contrast, none of the 15 DP clones, evenDP (arrows in Figures 6C–6F; compare to Figure 6A).
This suggests that peripodial Hh signaling is responsible the ones very close to the margin, changed the level of
Ser expression (arrowhead in Figure 6G). Careful exami-for Ser induction in the midline where Ser is normally
present. nation of these margin clones revealed that Ser was
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Figure 6. Hh Signal from the PM Layer In-
duces Pattern Changes in the DP
Ectopic Hh1 clones (B–J) are marked with
LacZ. All images are from mid-L3 eye discs.
Tissues were stained with anti-Dlg antibody
to distinguish PM and DP cells. For clarity,
Dlg stain is not shown except (J) in which
blue Dlg stain was processed by Photoshop
to red for better contrast.
(A) Normal Ser pattern enriched in the anterior
domain of the eye disc (arrowhead). The ge-
notype of this control disc is the same as the
other discs in (A)–(F), but with no Hh1 clones.
(B–D) Ser induction only in the anterior mid-
line by a Hh1 PM clone spanning the midline.
Ser expression is low at the PM level (B) but
is increased in the anterior midline of the DP
near the clone (arrows). In contrast, no Ser
induction can be seen in the dorsal side at
any level (brackets in [C] and [D]).
(E and F) Ser induction by a midline Hh1 PM
clone. At the PM level, a weak Ser induction
in the ventral DP can be detected near the
Hh1 clone (arrow in [E]). Further increase in
Ser expression can be seen at the DP level
near the Hh1 clone (arrow in [F]). Endogenous
Ser as shown in (A) is marked with arrow-
head (F).
(G) A marginal Hh1 clone containing margin
and adjacent DP cells induced Ser expres-
sion in the nearby DP (arrow). In contrast, a
similar clone with only DP cells (arrowhead)
shows no Ser induction.
(H and I) Ectopic retinal differentiation by a
Hh1 clone in the anterior ventral margin. Ec-
topic differentiation is visible with anti-Dl
stain (arrowhead), anterior to the normal fur-
row (yellow arrow) (inset in [H]). This Hh1
clone contains three cell types: PM (arrow
in [H]), DP (white arrows in [I]), and margin
(arrowhead) cells (see a similar margin clone
in Figures 5D and 5E). Note the close proxim-
ity between Hh1 DP cells and photoreceptor
clusters with Dl expression (white arrows in
[I]). Ectopic retinal differentiation (yellow ar-
row) and overgrown anterior ventral margin
(asterisk) are marked (I).
(J–M) Effects of hh2 clones in the PM. (K)–(M)
show a disc with hh2 clones taken at the DP
level. The panel (J) is a magnified view at the
PM level of the region encased by a square
in (L). hh2 clones were identified by the ab-
sence of arm-LacZ expression. Most cells in
the anterior ventral domain are lost. Some
remaining PM hh2 cells are marked by aster-
isks in (J) and (L). Increased Dl expression
was detected in the DP cells (white arrows in [L] and [M]) near the PM twin spot (arrow in [J]). hh2 clones (yellow arrows) or twin spot
(arrowhead) in the DP show no change in Dl expression or tissue integrity (L and M).
(N–P) No obvious effects of hh2 clones in the anterior ventral DP. As in Figure 6L, the yellow arrows and white arrowheads in (O) indicate hh2
clones and twin spots in the DP, respectively.
induced by Hh1 cells clonally related to PM cells, similar Hh1 DP cells originated from the PM layer (white arrows
in Figure 6I). Three other Hh1 lateral margin clonesto the LacZ1 clone in Figures 5D and 5E. This suggests
that only DP cells associated with Hh1 PM cells are showed similar phenotype. This suggests that ectopic
Hh signaling from the marginal zone can induce ectopiccompetent to induce Ser.
We also examined the effect of lateral margin Hh1 retinal differentiation in the non–eye field cells.
clones outside the eye field (eight clones). One such
example was a large Hh1 clone located at the anterior hh2 Clones in the PM, but Not in DP, Induce
Pattern Changes in the DPventral margin. This clone induced ectopic photorecep-
tor clusters (arrowhead in the inset of Figure 6H) marked Loss of Hh in hhts2 mutants at the restrictive temperature
causes severe disruption of early eye discs (K.-O. C.by Dl (Parks et al., 1995). The region of ectopic retinal
differentiation was in proximity to the position of the and K.-W. C., unpublished data). To examine the specific
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effect of the loss of Hh in the PM, we generated homozy-
gous hh2 clones during L1 stage. The wild-type chromo-
some was marked with an arm-lacZ fusion gene so that
hh2 clones are LacZ negative. We found nine PM clones
most of which were small and accompanied by hh1/hh1
twin spots. The presence of hh2 clones and the twin
spots in the PM layer induced complex changes in the
underlying DP cells. One such example is shown in Fig-
ures 6J–6M. In this disc, the anterior ventral domain of
both the PM and DP was lost. Interestingly, ectopic
Hh expression in the same domain induced overgrowth
(asterisk in Figure 6I), suggesting that Hh is essential
Figure 7. Signaling from the PM to the DP for DV Axis Formationfor the growth of this domain. Some hh2 and twin spot
and Disc Growth
cells of peripodial origin were found adjacent to the lost
Hh, Wg, and Dpp signaling act in the PM and is sent to the DP either
tissue (Figure 6J), suggesting that the tissue is lost due directly or indirectly in order to establish the DV-specific expression
to hh2 PM cells. Next to the lost tissue, the peripodial of Dl and Ser in the DP. Hh is involved in specifying Wg- and Dpp-
twin spot induced ectopic Dl expression in the underly- expressing PM cells to dorsal and ventral domains, respectively, in
first instar (data not shown). Peripodial processes may mediateing DP (arrows in Figures 6L and 6M). No significant
signals from the PM to the DP layer. Signaling from the DP to thechanges were observed when hh2 clones or twin spots
PM may be important for extension of peripodial processes. Dl/Ser-were made in the DP in other positions of the eye field
dependent N activation at the DV boundary is required for retinal
(six clones, Figure 6O) or in the non–eye field (nine morphogenesis.
clones, Figure 6K). In contrast to PM hh2 clones, hh2
clones in the anterior ventral domain of the DP showed
no obvious changes (Figures 6N–6P). Taken together, 1996; Theisen et al., 1996) and may play a crucial role
our data show that Hh signaling from the PM, but not in defining domains in the PM.
from the DP, is required for patterning and growth. In addition to DV subdivisions, the dorsal domain of
L1 discs appears to be further divided into anterior-
Discussion posterior subdomains. This is based on the expression
of Wg in the anterior but not in the posterior dorsal
PM as a Source of Hh/Wg/Dpp Signaling domain while Dpp is expressed in the opposite pattern
The complex interplay of the Hh, Wg, and Dpp signaling (Figure 2). The anterior and posterior subdomains may
has been previously studied for initiation and progres- correspond to the anlage for the head and the dorsal
sion of the morphogenetic furrow (reviewed by Treisman eye, respectively. It has been shown that Wg expressed
and Heberlein, 1998; Brennan and Moses, 2000). Here in the vertex and gena primordia is important for head
we analyzed much earlier stages of eye development capsule formation, while Dpp is antagonistic to this pro-
to determine whether these molecules organize DV pat- cess (Royet and Finkelstein, 1996, 1997). Interestingly,
terning prior to retinal differentiation. Our studies have many new types of wg-LacZ1 PM cells appear during
demonstrated that (i) Hh, Wg, and Dpp display distinct the L2 stage and occupy either DV midline or anterior
DV expression patterns in the PM in early discs, (ii) they dorsal domain (Figure 2). Perhaps some of these wg-
are essential for domain-specific expression of Dl and LacZ1 PM cells may play important roles in specifying
Ser in the DP, and (iii) signaling from the PM to DP is head fate of the anterior dorsal domain.
important for patterning in the DP. Our findings provide
a novel view of how eye discs are patterned: Hh, Wg, Peripodial Hh Signaling Induces Ser Expression
and Dpp signaling from the PM to the DP through cellular in the DP
processes. We have shown that the PM is an important source of
inductive signals to control cell fates within the DP as
proposed in our model (Figure 7). In this model, Hh actsThe First Instar Disc Is Subdivided into Dorsal
and Ventral Domains differentially to localize Wg- and Dpp-expressing cells
to the dorsal and ventral domains of the PM, respec-Soon after the embryo hatches, wg- and dpp-LacZ1
cells appear in the dorsal and ventral domains of the tively, in the L1 disc. Establishment of DV domains in
the PM governs subsequent signaling from the PM todisc, respectively. This suggests that the eye disc is
already subdivided into dorsal and ventral fates. Consis- the DP for controlling the DV specificity and the level of
Dl/Ser expression. This idea is supported by our datatent with our data, analyses of genetic mosaics have
indicated that the eye disc consists of dorsal and ventral that ectopic Hh expression in the PM cells can induce
Ser expression in the DP, consistent with spatiotemporalcompartments of different cell lineages and of different
cell affinities (Dominguez and de Celis, 1998; Cavo- correlation of Hh and Ser expression pattern in the L1
and L2 discs.deassi et al., 1999; Yang et al., 1999). Subsequent to
the initial appearance of wg- and dpp-LacZ1 cells, these Although this study has focused on signaling from the
PM to the DP, the signaling may be bidirectional. It istwo types of cells are juxtaposed in the DV midline of
PM and seem to be mutually exclusive in later stages conceivable that the extension of peripodial processes
may depend on specific signaling cues provided from(Figures 1 and 2). Such an antagonistic interaction be-
tween Wg and Dpp is a common theme which emerged the DP. Such bidirectional signaling may be essential
to coordinate DV boundary formation and disc growthfrom studies in limb disc patterning (Brook and Cohen,
1996; Jiang and Struhl, 1996; Penton and Hoffmann, in both layers. Whether the signaling molecules that are
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transferred from the PM cells are Hh/Wg/Dpp them- BMP4 signaling between optic vesicle and surface ecto-
derm is important for lens induction in vertebrates (Fur-selves and/or other molecules remains a question. Inter-
estingly, Patched (Ptc), the receptor for Hh that is known uta and Hogan, 1998). Wnt signaling between the ecto-
derm and the mesoderm is also crucial for properto be upregulated transcriptionally by Hh signaling
(Hooper and Scott, 1989; Nakano et al., 1989; reviewed dorsoventral limb patterning (Chen and Johnson, 1999).
First shown to occur during Drosophila leg disc regener-by Murone et al., 1999), is expressed in the DP but is
more abundant in the PM (data not shown). This sug- ation (Gibson and Schubiger, 1999) and now in the eye,
peripodial signaling to the DP may be analogous to suchgests that Hh signaling may occur laterally and vertically,
within the PM layer as well as between the two layers. inductive signaling in vertebrates. Our studies illustrate
a novel mechanism of interepithelial signaling betweenIt has been shown that ectopic Hh1 clones generated
anterior to the furrow induce ectopic furrow and retinal PM and DP layers and its importance in eye disc pat-
terning. Significantly, ablation or genetic disruption ofdifferentiation (Heberlein et al., 1995). Evidence from our
study suggests that hh2 or ectopic Hh1 clones in the the PM also affects development of the DP (Gibson
and Schubiger, 2000), providing additional evidence forPM and margin but not DP can induce pattern changes
in the DP. Our data are also consistent with the previous peripodial signaling. Precise localization of receptors
and downstream components for Hh, Wg, and Dpp inreport that retinal differentiation is abolished in hh2
clones induced in the disc margin but not in the middle early eye discs will help in understanding how these
signals are transmitted between the PM and the DP.of the eye field (Dominguez and Hafen, 1997).
Experimental ProceduresPeripodial Signaling across the Disc Lumen
Another important question raised by the prospect of
Fly Stocks
interepithelial signaling is how the signals are transmit- lacZ reporters used for this study were hh-lacZP30 (Lee et al., 1992),
ted from the PM cells to the DP. One possibility is that dpp-lacZ BS3.0 (Blackman et al., 1991), and wg1-en-11/CyO (Kassis et
al., 1992). Mutations used were hhts2 (Ma et al., 1993), hh13C (Ju¨rgenssignaling molecules are secreted from PM cells directly
et al., 1984; Ma and Moses, 1995), dppd-blk (Spencer et al., 1982),to the underlying region of the DP. Alternatively, these
In(2L)dppe12 , and Df(2L)dppd14 (St. Johnston et al., 1990; Blackmanmolecules may be transported to the DP via peripodial
et al., 1991). P[hs-wg] was used to induce ectopic Wg (Noordermeertrans-lumenal extensions which contact specific target
et al., 1992). Nomenclatures for genotypes and balancers are de-
cells or reach in the vicinity of target areas in the DP scribed in Lindsley and Zimm (1992).
(Gibson and Schubiger, 2000). Our findings indicate that
Hh signaling may be mediated by peripodial processes, Analysis of hh-lacZ, wg-lacZ, and dpp-lacZ Markers
Expression patterns of hh-, wg-, and dpp-LacZ were visualized inalthough the former possibility cannot be excluded. We
the eye-antenna discs dissected from hh-lacZP30, wg1-en-11/CyO, andnoticed that Ser expression in the DP induced by ectopic
dpp-lacZ BS3.0 larvae. To obtain staged larvae, embryos were col-peripodial Hh signaling often extends beyond the region
lected for 3 hr and cultured at 258C until dissection. For early firstdirectly underneath the Hh1 PM cells (Figure 6). Hh may
instar discs, embryos were collected for 1 hr and dissected immedi-
diffuse from the processes to reach other nearby DP ately after hatching. These LacZ reporters accurately reflect tran-
cells. Alternatively, PM cells may extend longer pro- scription patterns in the discs and the embryo (Baker, 1987; Black-
man et al., 1991; Kassis et al., 1992; Lee et al., 1992; Ma and Moses,cesses than what we can detect in the fixed tissues. It
1995; Theisen et al., 1996), although transcription pattern in the firstis also possible that the inductive event occurred earlier
instar discs is unknown. The pattern of Wg protein expression waswhen the two cell populations were in closer contact
similar but less restricted than wg-LacZ, probably due to its secre-and subsequently became displaced relative to one an-
tion onto neighboring cells (Figures 3J–3O, see also Ma and Moses,
other as the epithelium grew. 1995). Hh-lacZ was expressed in nuclei, dpp-LacZ was in cytoplasm,
Recent studies have shown that disc cells send out and wg-LacZ was expressed in either nuclei or cytoplasm de-
pending on cell types. Anti-Dlg antibody was used to visualize thelong and thin cytoplasmic extensions, named cyto-
boundary of PM and DP cells (Woods and Bryant, 1991).nemes (Ramirez-Weber and Kornberg, 1999). Cyto-
nemes are actin-based extensions that grow from the
Mutant Analysisapical surface of the DP cells toward the signaling cen-
For hhts2 mutant analysis, embryos were collected for 12 hr at 188C,ter, the anterior-posterior boundary of the wing disc.
cultured for one and a half days before shifting to the restrictive
Some of the peripodial extensions we have described temperature (308C) for one day. After the shift, larvae were cultured
in this study also show cytoneme-like long and thin at room temperature for one day before dissection. For ectopic
expression of Wg using a hs-wg transgene, collected embryos wereprocesses (Figure 5), although it is not known whether
treated the same as in the hhts2 experiment except that the durationthe processes are also actin-based. The peripodial pro-
of the heat induction at 378C was 3 hr. To obtain dppe12/dppd14 larvae,cesses we have observed can be readily seen in fixed
dppe12/SM6-TM6B were crossed with dppd14/SM6-TM6B. In alltissues, unlike cytonemes that cannot be detected in
cases, non-Tb progeny were used for dissection.
fixed discs (Ramirez-Weber and Kornberg, 1999). Fur-
thermore, cytonemes extend from the DP cells and grow Generation of LacZ1 or LacZ1 Hh1 Ectopic Clones,
on the apical surface of the DP, while peripodial pro- and hh2 Clones
To generate LacZ1 or ectopic Hh1 flp-out clones expressing LacZcesses extend from the apical surface of PM cells across
markers, the L1 larvae from the cross between UAS-lacZ (or UAS-the disc lumen to the DP. In addition, our observation of
hhG1;UAS-lacZ) males and y w P[Actin.CD2.Gal4; w1]; hsFlp,different shapes of processes suggests that peripodial
MKRS/TM6 Tb females (provided by K. Kozopas) were treated atprocesses exist in multiple types (Figure 5).
378C for 1 hr and cultured at room temperature until dissection
Inductive signaling between two cell layers is an im- (Pignoni and Zipursky, 1997). To generate hh2 clones, L1 larvae from
portant mechanism of morphogenesis in vertebrate de- the cross between hh13C FRT82 males and hs-Flp; FRT82 arm-lacZ
(Vincent et al., 1994; Hazelett et al., 1998) females were incubatedvelopment (Jacobson and Sater, 1988). For instance,
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for 1 hr at 378C (Xu and Rubin, 1993). hh2 clones and twin spots M. (1999). Compartments and organizing boundaries in the Dro-
sophila eye: the role of the homeodomain Iroquois proteins. Devel-were identified by the lack or enhancement of arm-LacZ expression,
respectively. opment 126, 4933–4942.
Chen, H., and Johnson, R.L. (1999). Dorsoventral patterning of the
vertebrate limb: a process governed by multiple events. Cell TissueImmunocytochemistry
Res. 296, 67–73.Dissected imaginal discs were stained with either diaminobenzidine
(DAB) or fluorescent markers as described (Carroll and Whyte, 1989; Cho, K.-O., and Choi, K.-W. (1998). Fringe is essential for mirror
Choi and Benzer, 1994). Primary antibodies used in this study were symmetry and morphogenesis in the Drosophila eye. Nature 396,
mouse anti-b-galactosidase (1:250; Promega), rabbit anti-b-galac- 272–276.
tosidase (1:200; Cappel), rabbit anti-Dlg (1:1000; this work), guinea Choi, K.-W., and Benzer, S. (1994). Rotation of photoreceptor clus-
pig anti-Dlg (1:1000; P. Bryant), mouse anti-Dl (1:1000; S. Artavanis- ters in the developing Drosophila eye requires the nemo gene. Cell
Tsakonas), rabbit anti-Ser (1:20; E. Knust), and mouse anti-Wg (1:10; 78, 125–136.
S. Cohen). Secondary antibodies were anti-rabbit horse radish per-
Cohen, S.M. (1993). Imaginal disc development. In Drosophila Devel-oxidase (HRP), anti-mouse HRP, anti-rabbit-fluorescein isothocya-
opment, A. Martinez-Arias and M. Bate, eds. (Cold Spring Harbor,nate (FITC), anti-mouse-CY3, and anti-guinea pig-CY5 (Jackson
NY: Cold Spring Harbor Press), pp. 747–841.Laboratories). Fluorescent images were captured using Bio-Rad
Dahmann, C., and Basler, K. (1999). Compartment boundaries: atMRC 1024 or Zeiss LSM laser-scanning confocal microscopes and
the edge of development. Trends Genet. 15, 320–326.processed with Adobe Photoshop.
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